Interaction between zigzag single-wall carbon nanotubes and polymers: A density-functional study
Non-covalent functionalization of single wall carbon nanotubes and graphene by a conjugated polymer We report first-principles calculations on the binding of poly[(9,9-bis-(6-bromohexylfluorene-2,7-diyl)-co-(benzene-1,4-diyl)] to a (8,0) single wall carbon nanotube (SWCNT) and to graphene. Considering different relative orientations of the subsystems, we find for the generalized gradient approximation a non-binding state, whereas the local density approximation predicts reasonable binding energies. The results coincide after inclusion of van der Waals corrections, which demonstrates a weak interaction between the polymer and SWCNT/graphene, mostly of van der Waals type. Accordingly, the density of states shows essentially no hybridization. The physisorption mechanism explains recent experimental observations and suggests that the conjugated polymer can be used for non-covalent functionalization. Carbon nanotubes (CNTs) have potential for reinforcing polymer composites due to unique properties such as a high aspect ratio, low density, and high mechanical and thermal stability.
1,2 Surface modification of CNTs by covalent or noncovalent functionalization is a powerful and viable strategy for developing high performance composite materials, chemosensors, nanoelectronics, photovoltaic devices, 3, 4 and a range of biomedical applications. 5, 6 Graphene, 7 a two-dimensional honeycomb sheet of sp 2 -bonded C atoms, can be regarded as the basic building unit of CNTs where the detailed reactivity is still not well understood. Functionalization of graphene is also promising for applications, particularly in the area of polymer nanocomposites. 8, 9 It is widely accepted that chemical modification of CNTs with functional monomers and polymers or physical wrapping over the CNT are appropriate methods for fabricating hybrid materials with tailored properties and functionalities. [10] [11] [12] [13] In general, polymers can interact with CNTs or graphene via strong covalent 14 or electrostatic interactions, 15 p-stacking, 16, 17 hydrogen bonding, 18 or weak van der Waals (vdW) interactions. 19, 20 Non-covalent functionalization with conjugated polymers is particularly attractive, because chemical groups are attached without disrupting the bonding network of the CNT, whereas covalent functionalization introduces atomic defects and internal stress, which can deteriorate the mechanical properties. 21 Unique electrical and optical properties have been demonstrated for CNTs interacting with conjugated polymers. 22, 23 It is desirable to optimize the non-covalent intermolecular interactions in view of achieving a strong interfacial binding in the composite. Previous theoretical studies have addressed this issue using molecular dynamic simulations as well as density functional theory (DFT). [22] [23] [24] [25] [26] [27] [28] [29] For instance, the possibility to improve the polymer-CNT alignment by suitable tuning of the temperature, polymer density, and chain length has been demonstrated in Ref. 25 . In Ref. 26 , the covalent and non-covalent surface functionalization of metallic and semiconducting CNTs by Fe-porphyrin has been studied. In Ref. 27 , the authors have demonstrated that CNTs coated with alginic acid are soluble in water and interact via vdW forces. Moreover, the authors of Ref. 28 have investigated the solubility of CNTs wrapped with chitosan to identify the relevant interactions. In general, the orientation of polymers on carbon nanostructures also depends on the flexibility of the polymer backbone. 30 The interaction of poly[(9,9-bis-(6-bromohexylfluorene-2,7-diyl)-co-(benzene-1,4-diyl)] with single wall CNTs (SWCNTs) has not yet been studied, though experimentally this polymer was found to be suitable for non-covalent functionalization 31 (where the nature of the interaction remained dubious and calls for clarification). We therefore investigate in the following in detail the interaction of this polymer with a SWCNT, applying pseudopotential plane wave density functional theory. In addition, we address the interaction with graphene as prototypical two-dimensional material.
Density functional theory is a well established theoretical method providing an accurate description of covalent and ionic chemical bonds. On the other hand, it is more involved to reproduce nonlocal dispersive forces, in particular vdW forces which, however, are important in weakly bonded systems. Although the local density approximation (LDA) tends to overestimate binding energies between molecules and the generalized gradient approximation (GGA) often underestimates them, we will demonstrate that density functional theory for the present system leads to a favorable balance between accuracy and computational efficiency. Usage of more sophisticated methods, such as high level wave function based methods, in general, would be desirable, but due to the huge computational costs is unrealistic for systems as large as those considered here.
We have performed calculations using both the LDA in the Perdew-Zunger parametrization 32 and the GGA in the Perdew-Burke-Ernzerhof parametrization. 33 We will argue that the LDA yields a correct binding energy trend for the different orientations of the polymer with respect to the SWCNT/graphene. The pure GGA results in nonbinding states, whereas binding energies obtained under inclusion of the DFT-D vdW correction [34] [35] [36] reproduce the LDA trend for all considered cases. All calculations are based on the projector augmented plane wave method 37, 38 of the Vienna Ab-initio Simulation Package.
The polymer is represented by one monomer, as shown in Fig. 1 , which is justified by the fact that the electronic gaps of the monomer and the dimer are found to deviate by only 0.17 eV. Our supercells consist of a semiconducting (8,0) SWCNT and the monomer, see Figs. 2(a)-2(d) , or a graphene sheet (10 Â 10) and the monomer, see Figs. 3(a)-3(c). We choose a zigzag (8,0) SWCNT because of its semiconducting property and intermediate diameter, which combines a small curvature (resembling graphene) with reduced computational costs. A similar approach for evaluating the interaction between semiconducting conjugated polymers (para-phenylene and para-borazylene) and SWCNTs has been reported in Ref. 39 . We consider various orientations of the monomer with respect to the SWCNT/graphene and optimize for each of them the atomic positions by the conjugate gradient method with an energy threshold of 10 À5 eV. We also optimize the monomer, SWCNT, and graphene individually to evaluate the structural modifications due to the interaction in the joined systems. Careful convergence tests have been performed for both the energy cutoff and the k-point sampling. For the structure relaxation we employ 1 Â 1 Â 1 and 4 Â 4 Â 1 Monkhorst-Pack grids 40 for the monomer-SWCNT and monomer-graphene systems, respectively, whereas fine 1 Â 1 Â 11 and 13 Â 13 Â 1 grids are used for calculating energies and densities of states. A plane wave energy cutoff of 450 eV is used and periodic boundary conditions are applied, where each supercell contains a 10 Å vacuum slab along the c-axis. The binding energy between the two subsystems is calculated as
where E monomer-SWCNT=graphene ; E SWCNT=graphene , and E monomer denote the total energies of the joint system and of the components.
Various approaches have been suggested to treat dispersion interactions within density functional theory. 36, [41] [42] [43] [44] Those based on dispersion correction functionals, such as the method of Dion and coworkers, 41 are typically connected with high computational costs for larger systems. 45 Grimme 34, 35 has developed a method that adds an empirical correction to the standard density functional. Thus, the total energy is given by
where E is the self-consistent Kohn-Sham energy as obtained from the chosen density functional and E dispersion is the empirical correction given by
Here, s 6 is a global scaling factor that only depends on the density functional, C ij 6 denotes the dispersion coefficient for the pair ij, and R ij is the internuclear distance. In addition, a damping function f damping is introduced to avoid singularities for small R ij . The Becke-Johnson damping has been found to give the best results for nonbonded distances 46 and therefore is applied in our study in the latest DFT-D3 version of the Grimme method. 36 Although this method excludes collective quantum mechanical effects, it is one of the most widely applied and well tested schemes 43, 46 and has been applied successfully to small molecular adducts, p-stacking systems, and large complexes in biological systems. 47 Further examples for accurate results on related molecules can be found in Refs. [48] [49] [50] . Recently, Rahman and colleagues 51 have investigated nucleobases on graphene using several variants of vdW corrections. The authors have concluded that the Grimme method is an excellent choice for modeling the interaction between molecules and graphene or CNTs.
The structural modifications due to the interaction between the monomer and SWCNT are very small for all configurations shown in Fig. 2 , which represent prototypical orientations between the two subsystems. Calculated binding energies at the LDA, GGA, and GGA þ vdW levels, minimal distances between monomer and SWCNT, and results of Bader charge transfer analyses are listed in Table I . The LDA and GGA binding energies are found to be fundamentally different for all cases. Pure GGA does not yield any binding, whereas under inclusion of the vdW correction the LDA trend is recovered. This result is consistent with previous observations that in vdW systems the LDA provides a reasonable description of dispersive interactions. [52] [53] [54] [55] For the configuration of Fig. 2(a) , the LDA binding energy is À0.30 eV and the shortest distance between the non-hydrogen atoms of the monomer and the SWCNT is 3.26 Å . The monomer chain thus interacts only weakly with the SWCNT, which is in agreement with earlier theoretical predictions of Cohen and coworkers 56 and results for atomic Br adsorbed on a SWCNT. 57 When the monomer backbone is oriented parallel to the SWCNT, see Fig. 2(b) , the interaction is slightly stronger with a binding energy of À0.44 eV. It is mediated by p-orbitals of the monomer aromatic ring and the SWCNT. This situation is similar to other p-stacking systems, such as bilayer graphene, 52, 58 and the p-interaction between SWCNTs and conjugated organic polymers 39 and molecules. 17, 54 When the monomer approaches with the chain side and wraps around the SWCNT, see Fig. 2(c) , the binding energy is less negative (À0.39 eV) with a minimal C-C distance of 3.34 Å . The dominance of vdW forces in all the configurations is reflected by equilibrium distances within the typical vdW range. The fact that the LDA and GGA þ vdW methods predict similar trends for the binding energies of the different configurations indicates that our results are accurate and yield solid conclusions.
We next analyze the electronic density of states in Fig. 4 . All configurations reproduce the main features of the pristine SWCNT, indicating that the electronic properties of the SWCNT are well maintained in the combined systems. We find no indication of hybridization between atoms of the SWCNT and monomer, because the corresponding densities of states show no common peaks. The charge transfer from the monomer to the SWCNT in the configurations of Figs. 2(a) and 2(b) turns out to be 0.01 and 0.03 electrons, whereas for the configurations of Figs. 2(c) and 2(d) it is 0.02 and 0.01 electrons in the opposite direction. This observation supports the conclusion that the monomer and SWCNT interact weakly and indicates that the conjugated polymer has potential as wrapping material for non-covalent functionalization of SWCNTs. According to Table I , the binding energy per atom involved in the interaction is estimated to be of the same order of magnitude but still larger than the thermal energy at room temperature. Our results thus are comparable to values reported for other polymers that can be used for non-covalent functionalization. 59, 60 Turning to the monomer-graphene systems, we next analyze the configurations shown in Fig. 3. In panel (a) , the monomer chains point towards the graphene, whereas in (b) and (c) the monomer backbone is aligned parallel and perpendicular to the sheet, respectively. In contrast to the monomer-SWCNT systems, we observe structural distortions due to the interaction between the two components. When the monomer backbone comes close to the graphene, see Figs. 3(b) and 3(c), the sheet bends locally, reflected by atomic shifts of up to 0.03 Å with respect to the original positions. Similarly to the monomer-SWCNT systems, we find for all configurations that the pure GGA yields non-binding states, whereas the LDA and GGA þ vdW methods result in the same trends for the binding energies, see Table II . We obtain À0.34 eV for the configuration of Fig. 3(a) , as the binding between Br and the C atoms in the alkene is strong enough to inhibit bond formation to the graphene sheet. of graphene with polymers and molecules. 39, 54, 62 Bader analyses show for no configuration a significant charge transfer and the densities of states in Fig. 5 demonstrate that there is little interaction between orbitals of the monomer and the graphene, as there is essentially no hybridization visible.
We have performed first-principles calculations using the pseudopotential plane wave method to study the interaction of a conjugated polymer with a SWCNT as well as with graphene. Various relative orientations of the two subsystems have been considered. Our results show that the GGA is not appropriate for describing the systems under study, whereas the LDA and the vdW corrected GGA give similar and conclusive results. The densities of states obtained for the composites and their subsystems reveal that the electronic structure of the SWCNT/graphene is well maintained, in particular around the Fermi energy, when the polymer is attached. This finding confirms the experimental observation that the polymer is suitable for non-covalent functionalization. In addition, its hydrophilic nature 31 indicates that the functionalization in the present case is not driven by interaction with the solvent. According to Bader analyses, the charge transfer between the subsystems is negligible. The polymer-SWCNT/graphene interaction thus is of weak vdW type with only minor effects on the physical and electronic properties of the SWCNT/graphene, which is important for an effective non-covalent functionalization. Finally, a physisorption mechanism is confirmed by the obtained binding energies and densities of states. We expect that the derived results can serve as reference for work on related polymers. Fig. 3(b) À0.76 3.19 0.01 0.37 À0.88 Fig. 3(c) À0. 
